Cell shape has long been thought to be the main cue for spindle positioning in mitotic cells, but new evidence suggests that, in the context of an epithelium, tricellular junctions encode positional information that helps orient mitotic spindles.
How do animal cells orient their axis of division? This is a fundamental problem that has interested biologists since the nineteenth century, when Hertwig and others noted that large embryonic cells divided perpendicular to an imposed long cell axis when deformed [1, 2] . As a result, the two daughter cells generated by division have a more isotropic shape than their mother. Later, it was discovered that the division plane in animal cells is determined by the position of overlapping antiparallel astral microtubules [3] and the central part of the metaphase spindle [4] . What then positions the spindle? By perturbing mitotic cell shape it is possible to explore the geometric cues governing spindle positioning [5] . Using this type of approach, in 2011 Minc et al. [6] carried out a systematic analysis of the relationship between cell shape and spindle positioning in single sea urchin zygotes confined in microfabricated chambers. With the aid of a computational model, their analysis suggested that the mitotic spindle is aligned along the axis of symmetry and centered by pulling forces acting on astral microtubules, which scale with microtubule length.
Although the experiments described above all sought to explore the role of metaphase cell shape in spindle orientation, most animal cells assume a rigid spherical shape as they enter mitosis. This is the case for isolated cells in culture, which undergo rounding through the partial disassembly of cell-substrate adhesions, leaving the cell tethered to the substrate by thin 'retraction fibers', and for cells in a crowded tissue entering mitosis, which round as a result of increasing cortical rigidity and osmotic swelling [7, 8] . Remarkably, however, despite being spherical, mitotic cells in culture are still able to align their division plane with respect to an interphase pattern of cell-substrate adhesions generated using micro-contact printing [9] . This implies that spindles in rounded mitotic cells retain a 'memory' of their interphase shape that can be used to direct the spindle to orient cell divisions. Now, in a recent paper in Nature, Bosveld et al. [10] used the fly notum to ask how rounded mitotic cells orient their spindles along the interphase axis in a crowded tissue environment.
Bosveld et al. [10] attempted to answer this question by exploring the localization of molecular proteins known to orient the spindle. More specifically, they focused on Mud/NuMA, which is a component of an evolutionarily conserved complex of proteins -called Mud-Pins-G a i in flies and NuMA-LGN-G a i in mammalian cells -that guides spindle orientation across many animal systems. In most systems, Mud/NuMA is confined to the interphase nucleus and released at mitosis (Figure 1 ), whereupon it becomes localized to the plasma membrane through its association with LGN and G a i (which is myristoylated). Mud/NuMA then promotes the anchoring of the microtubule-based motor dynein, which pulls on astral microtubules to position the spindle (Figure 1 ). In addition, Mud/NuMA has been shown to have a multitude of additional protein partners, which come into play in different types of division (e.g. symmetric versus asymmetric) and at different times in mitosis (e.g. metaphase vs anaphase) [11, 12] . Strikingly, in the fly epithelial notum (and wing), Bosveld et al. [10] found Mud/NuMA concentrated at tricellular junctions (TCJs) that connect groups of neighbouring epithelial cells in G2 and in mitosis. Importantly, the localization of Mud/NuMA at TCJs was found to depend on Gli, a structural component of TCJs, and Dlg, a basolateral protein required for Gli localization to TCJs as well as for spindle positioning within the plane of the epithelium, rather than on G a i and Pins, which were homogenously localized around the cortex. By following the recoil of spindles after cutting astral microtubules, Bosveld et al. [10] were also able to show that Mud, Dlg, Gli and dynein generate astral-microtubule-based pulling forces to orient spindles in this system (Figure 1 ).
These data led to the possibility that TCJs rather than metaphase shape might explain spindle orientation in this tissue. To further explore this idea, Bosveld et al. [10] teamed up with the Minc lab to test whether a model that assumes that cortical forces on the spindle pole scale with Mud-GFP intensity at TCJs and are independent of astral microtubule length can predict spindle orientation. This model proved better at reproducing division orientation than a model based on metaphase cell shape. Thus, the association of Mud/NuMA with TCJs, which persists from interphase to mitosis, may provide cells with a physical landmark that enables mitotic spindles to read their pattern of interphase cell-cell contacts in a way that is not compromised by mitotic rounding. It should be noted that the magnitude of the mean angular deviation between the best theory and experiments remains high, almost 30 , in this system. This discrepancy may arise because the models of TCJ and Mud intensity used to predict spindle orientation assume a simple cell geometry, in which the spindle midzone is fixed at the centre of a sphere, limiting the spindle to planar rotational movements. This assumption means that a strong signal from a single TCJ will orient the spindle, instead of pulling a spindle off-centre; and does not address how spindle centering is achieved. Alternatively, the discrepancy could be explained if additional mechanisms contribute to spindle orientation in this system, such as signaling from other cortical regulators [13] , mechanical inputs from cell-cell adhesion, spindle interactions with the actin cortex [14, 15] , or noise.
But why might TCJs play a role in division orientation in the notum? In other tissues, oriented cell division has been shown to aid cell packing in a tissue [16] , and to relieve mechanical strain [17] . In exploring a possible function of TCJ-mediated division orientation in stress relaxation, Bosveld et al. [10] again used computer simulations to show how an imposed tissue stretch can both align long cell axes and bias the distribution of TCJs, so that either cue can be used to direct oriented division to relax the tissue without the requirement for In single cells, Mud/NuMA is released from the nucleus at nuclear envelope breakdown, and its localization at the plasma membrane is thought to be guided by retraction fibres that tether the cell to the substrate, shown as black lines extending from the single cell. In epithelial cells, Mud/NuMA localization persists at tricellular junctions from interphase to mitosis. In both cases, Mud/NuMA localization guides dynein-dependent spindle positioning in mitosis.
mechanosensation [18] . Taken together, this work demonstrates a novel role for TCJs in recruiting Mud/NuMA to the cortex and driving spindle movements, and provides an elegant solution to the problem of orienting cell divisions to restore cell shape following a tissue stretch. It is not clear how widespread this role of TCJs in spindle orientation will prove to be, since in other systems, like MDCK epithelia and isolated cells in culture, Mud/NuMA is regulated by LGN-G a i and other protein partners and is not concentrated at TCJs [12] . Nevertheless, the function of Mud/NuMA seems to be conserved. So, is it possible that there is something much more general at work that enables Mud/NuMA to use different inputs to read the mechanical properties of the plasma membrane? In thinking about this, it is interesting to note that TCJs likely represent one of the stiffest structures present at the cortex of epithelial cells in the fly notum. Similarly, the retraction fibers [9] and the ezrin/radixin/moesin (ERM)-rich actin network [19] , which have been shown to guide spindle orientation in cells in culture, constitute a mechanically rigid cortical structure that anchors Mud/NuMA so that dynein-dependent forces pulling on astral microtubules move the spindle, instead of deforming the plasma membrane [20] . Thus, cortical rigidity is a likely pre-requisite for spindle movement. In future work, it will therefore be important to elucidate the molecular mechanisms that control the accumulation of Mud/NuMA at TCJs in the fly notum and that determine how cell and tissue mechanics affect Mud/NuMA localization and spindle orientation in this and other systems.
